Introduction
Whispering Gallery Modes (WGMs) are a resonance phenomenon that can occur in objects with at least one axis of revolution [1] [2] [3] [4] [5] [6] . WGMs can be described as light trapped within a resonator by total internal reflection, circulating along the inner surface and returning in phase after a single or multiple round trips, and in this way satisfying resonance conditions [4, 5] . The spectral position of these resonances is dictated not only by the resonator geometry (diameter and sphericity) and optical properties, but also by the environmental conditions (e.g. refractive index) in the vicinity of the resonator [4, 5] . While resonators with different geometry and optical properties have been investigated [6] , spheres [3, 5, 7, 8] , toroids [1, 9] or capillaries [2, 10, 11] have been the most widely studied. Although these resonators exhibit useful properties, and have been widely used for refractive index sensing applications, substantial effort has been made in recent years to improve their sensing performance. Researchers have moved towards using smaller resonators, with early work considering submillimeter [3, 12] silica spheres, and more recent developments enabling resonators as small as 10 to 50 μm in diameter [7, 8, 13, 14] . Note that the refractive index sensitivity (S = δλ/δn) is known to be inversely proportional to the resonator radius (Δλ/λ = ΔR/R) [3, 15] . Reducing the diameter of the resonator has one substantial drawback; namely that the resolution of the sensor, which is related to the Q-factor of the resonator, decreases significantly for small resonators. Large resonators, ranging from 50 to 300μm in diameter, typically exhibit a Qfactor up to several millions [1, 3, 16] , whereas smaller resonators (below 20μm in diameter) reported in literature have been limited to a Q-factor of around 10 3 in liquids [8, 13] . One approach for improving the Q-factor of small resonators is the use of active resonators [6, 7, 17] which contain a gain medium (unlike passive resonators [1] [2] [3] ) and can induce lasing of the WGMs. Using this strategy, it has been found that the Q-factor of the lasing modes can be increased by up to a factor 5, compared to the non-lasing modes, as the signal-to-noise ratio is significantly increased [17] .
Recently we demonstrated that a dye-doped microresonator positioned onto the tip of a suspended core Microstructured Optical Fiber (MOF) can be used as a dip sensor [18] . In this architecture, the resonator is located on a circular air hole next to the fiber core, enabling a significant portion of the sphere to overlap with the guided light emerging from the cleaved fiber tip [18] . When the resonator is excited through the suspended core fiber, it exhibits an unusually high radiative efficiency, which was initially attributed simply to the higher excitation efficiency that this architecture enables. More recently, Kosma et al. have published an article describing the use of a single polystyrene microsphere directly embedded within a similar MOF for sensing purposes [19] . While trying to use a similar concept, their excitation scheme, using a passive resonator and looking at the scattering from the resonator at 90 degrees, did not allow them to observe any effect produced by the microstructured optical fiber environment on the performance of the resonator. Here, we further investigate the enhancement of the resonator emission when it is positioned onto the MOF tip. We use a new configuration, which rules out the attribution of higher radiation efficiency to higher excitation efficiency. Instead, we show that high radiative efficiency is purely due to the change of the surrounding geometry of the microresonators, which results in selectively enhancement of some WGM-based radiation peaks. The impact of the radiative enhancement on the WGM lasing threshold for different configurations is explored, and the consequences of this enhancement on the sensor's Quality factor evaluated. Finally we show that this phenomenon can be exploited for generating WGM spectra in smaller microspheres, to exploit their higher refractive index sensitivity [3, 15] .
Materials and methods

Materials
Polystyrene (PS) microspheres (n PS = 1.59) were purchased from Polysciences, Inc., Warrington. Nile red fluorescent dye and xylene were received from Sigma-Aldrich, all chemicals were used as received.
Microsphere preparation
Polystyrene microspheres with a nominal diameter of 5μm 15μm, 20μm and 25μm were doped with Nile Red (λ abs = 532 nm, λ em = 590 nm) using a liquid two phase system described elsewhere [18] Among the different techniques reported in the literature to either introduce a gain medium within a polymer microsphere [13] or simply coat its surface with either quantum dots or organic dye molecules [20, 21] , this approach enables high dye content to be attained within the polymer sphere which is critical for reaching the lasing threshold of the WGMs. Once the doping process complete, the sphere were rinsed by centrifugation, the supernatant removed and replace by Millipore water.
Optical setup
To investigate the effect of positioning the resonator onto the tip of a suspended core MOF on the radiative modes of the resonator, we used the optical setup depicted in Fig. 1 . An inverted microscope ( × 100 magnification) was modified for use in confocal mode, launching either a CW laser or a frequency-doubled YAG (~9 ns pulse duration, 10Hz repetition rate) both emitting at λ = 532nm through the microscope objective. In this configuration, the microscope was used for both the excitation and the collection of the fluorescence signal from the dye doped microspheres, using a dichroic mirror to filter out the excitation line. A monochromator (600, 1200 & 2400 l/mm) with a cooled CCD (2048 pixels) were used to record the WGM modulated fluorescence emission of the microsphere. 
Microsphere attachment onto the MOF tip
An inverted microscope equipped with a second 3 axis translation stage was used in order to position the microsphere onto the silica MOF tip as shown in the Figs. 2(D) and 2(E). A drop of the free floating microsphere in Millipore water was deposited onto a glass cover slip and inspected using the inverted microscope while the freshly cleaved MOF was attached to the second translation stage with the fiber's tip pointing toward the drop of microsphere solution. A microsphere was selected from the many within the drop by qualitatively analyzing its emission spectrum via the confocal excitation and collection provided by the inverted microscope. Once located, the microsphere was put into contact with the tip of a 10 cm long MOF, which was aligned using the independent microscope stage. We believed that due to the hydrophobicity of both the polystyrene microsphere in water [22] and the presence of silanol groups (Si-OH) on the freshly cleaved silica MOF tip [23] , once in contact, the microsphere tends to adhere to one of the holes of the MOF as shown in both Fig. 2 (D) and 2(E).
Results and discussion
Characterization of the active resonator fluorescence emission
We initially selected microspheres from a batch with a diameter slightly larger than the effective hole diameter of the MOF (for the batch of fibers used here Ø hole~1 7μm). As seen in Fig. 2(A) , a periodic succession of 3 peaks is observed from the fluorescence emission of a 15 μm dye doped polystyrene microsphere, when this sphere is placed in contact with the glass slide or free floating in Millipore water and excited with the 532nm CW laser through the inverted confocal microscope. The two most intense peaks correspond to the different mode numbers of the first order modes with TE and TM polarization, while the least intense peak is attributed to higher order modes [4, 24, 25] . Once the same microsphere is then positioned onto the fiber tip, as shown in Figs. 2(D) and 2(E), the emission pattern of the sphere is significantly affected as can be seen in Fig. 2(A) . As the holes of the MOF are not strictly circular, at it can be seen in the Fig. 2(D) , the microsphere is never fully in contact with the inner surface of the MOF. The bright spot which could be seen in the Fig. 2 (E) are due to the out coupling of the light from the microresonator induced by the fiber when they are in contact as describe later.
In both cases, the excitation power and collection efficiency remained the same as shown by the similar background level, since in this experiment the suspended core fiber is merely used to physically locate the resonator and break the refractive index symmetry around the resonator. While no light was guided through the fiber in this configuration and hence radiation changes cannot be attributed to the change of excitation efficiency due to the fiber, it nevertheless strongly impacted the emission of selected modes (depending on their polarization). For some cases, the intensity of the modes is enhanced by a factor of 8. This enhancement is more pronounced for wavelengths between 610 nm and 620 nm, even though the maximum emission of the organic dye used to dope the sphere is around 590 nm. This can be explained by the significant decrease of the absorption of polystyrene from 590 to 620 nm as shown by Zhang et al. [26] . The analysis of the most intense resonance mode in both cases by fitting with a Gaussian function revealed an increase of the effective Q-factor (Q = λ/δλ) from 1170 for the free floating sphere, comparable to previously reported Q-factor in the literature for similar sphere size and material in water [25] , to 1560 for the same sphere once attached to the MOF tip, resulting in a 33% increase. The WGM spectra before and after attachment to the MOF for larger microspheres, 20 μm and 25 μm in diameter, are shown in Figs. 2(B) and 2(C) respectively. While similar emission enhancement can be observed for the 20 μm sphere, it is far less pronounced and as the diameter mismatch between the sphere and the hole of the MOF increases it almost vanishes. From these results it becomes clear that the strongest enhancement is produced when the microsphere diameter matches the fiber's hole diameter, meaning that the microsphere sits lodged half way into the fiber hole. Note that in this configuration, the microsphere sees a ring of higher refractive index than its surrounding environment in a single equatorial plane. 
Lasing behavior of the active resonator
The impact of the enhancement factor on the lasing properties of the WGMs is of particular interest in terms of its capacity to increase the Q-factor. Consequently, we repeated the experiment described above with the objective of evaluating the lasing threshold and efficiency as function of the mismatch between the resonator diameter and the MOF hole. To do this, we exchanged the CW laser source for a frequency-doubled YAG laser, delivering a 9ns pulse at a 10 Hz repetition rate.
Figure 3(A) shows two typical WGM spectra of another 15 μm dye doped polystyrene microsphere excited under the same condition below its lasing threshold, before (free floating) and after its attachment to the suspended core MOF (attached). As for the previous results with CW excitation, the active resonator exhibits mode enhancement when attached onto the fiber tip. Figure 3(B) shows the emission spectra of another 15 μm diameter polystyrene dye doped microsphere excited this time above its lasing threshold before (free floating) and after its attachment to the suspended core MOF (attached). As before, despite being excited at the same power the attached resonator again exhibits a higher intensity of its lasing mode. Figure 3(C) shows the amplitude of the lasing peaks of the same 15 μm resonator as a function of the pump power for the two different configurations (free-floating and attached resonator). In both cases, the microsphere fluorescence below the lasing threshold and the emission efficiency (slope) is increased above the lasing threshold. Both emission regimes have been fitted with a linear characteristic and the intersection of the fluorescence characteristic (dashed line) with the lasing characteristic (solid line) was used to determine the lasing threshold in both cases and we used the fitting error to determine the error on the lasing threshold. This yields a lasing threshold P threshold = 29 ± 7 μW for the freefloating sphere and P threshold = 42 ± 8 μW for the attached sphere. These values are comparable to previously reported lasing thresholds of similar dye doped resonators [17] and toroids [27] . Observe that the lasing threshold of the microsphere once attached is about 50% higher than the same microsphere free floating although it still falls within the same error margin which means that the difference of lasing threshold is not statistically significant. Nevertheless, we believe, as each microsphere was characterized first while freely moving in a liquid droplet prior a second characterization after being attached to the fiber tip, some of the dye molecules present within the resonator may have been photobleached while performing the first characterization, resulting in a decrease of the concentration of active dye and therefore a lower gain between the two successive characterizations. Similarly we analyzed the spectral position and linewidth of the resonance modes for one series of modes located around 611nm which showed a similar pattern before and after being attached to the MOF tip. As the sphere operating above the lasing threshold clearly shows more resonances we had to use multiple Gaussian functions. Despite the difficulty of achieving a reliable fitt in these conditions we found that for the free floating sphere the Q-factor is in the range of 6700, while the same sphere exhibits a Q-factor of up to 7700 for the same mode once attached to the fiber tip. More interesting is the comparison of the lasing efficiency in both cases. While the lasing efficiency for the free floating sphere is approximately 55 ± 8 a.u./μW, the lasing efficiency of the same sphere once attached to the fiber reaches 490 ± 12 a.u./μW, about 9 times higher. This lasing enhancement factor is in good agreement with the radiative enhancement factor observed under CW excitation. The same experiments were performed for Ø = 25μm spheres. In this case, only a relatively modest enhancement of the lasing efficiency was observed (1.3 factor increase), while the lasing thresholds were comparable, 48 ± 8 μW for the free floating sphere and 33 ± 6 μW for the attached sphere. 
Numerical modeling
To investigate the physical mechanism responsible for the experimentally observed peak enhancement, we employed a finite-difference time-domain (FDTD) analysis of a 2-dimensional approximation to the system. This geometry is shown in Fig. 4 ; the cross-section of the sphere is represented as an infinitely long cylinder of refractive index n p = 1.59 (≈polystyrene), embedded in a uniform solution of index n s = 1.333 (≈water). The rectangular blocks on either side represent the structure of a single hole of the MOF, imitating the contact points of the sphere with the MOF structure in the plane of interest. A plane collinear with the fiber axis (z direction in Fig. 1 ) is chosen as it is the likely plane of excitation and emission of the observed WGMs and best represents the experimental configuration in Fig. 1 . The calculations were performed with and without the presence of parallel blocks of index n g ≈1.45 (≈silica) diametrically touching the circumference of the cylinder; as an approximation of the experimental configuration, as explained above. The diameter of the cylinder considered here is D = 10 µm, chosen to limit the required computational resources (which scale as D 2 ) while having a qualitatively similar behavior compared to larger D. Here we use the MIT meep package [28] as an FDTD solver. The solution domain is set to be 60 μm by 30 μm in size, centered about the cylinder, and terminated by perfectly matched layers (PMLs) of 2 µm thickness on the boundaries (Fig. 4) . A dipole source is placed within the cylinder, 100 nm from the outer surface, to predominantly excite the resonant modes of lowest radial order. Observation of the emitted radiation is emulated by placing a flux plane along the uppermost edge of the domain, where the glass blocks are placed on the lower portion of the domain, Fig. 4 (top) , solid line. This simulates the situation of collecting the emitted light from a sphere via a microscope objective. The spectrum of the light transmitted across the full plane is calculated, as well as the spatial power distribution across the plane. The former is achieved by having the dipole radiate a Gaussian pulse with a spectrum centered at a wavelength of 600 nm and spectral width 40 nm (FWHM) in order to excite multiple azimuthal resonances, similar to the wide fluorescence spectrum of the dye doped microsphere demonstrated experimentally above.
The first result of note is the change in the radiated power distribution across the observation plane (integrated over all wavelengths), see Fig. 5 . Compared to the power distribution of the resonator alone, the placement of glass blocks either side of the resonator has the effect of increasing the local power transmitted across the plane. The physical origins of this effect could include: a 'lensing' effect, where the high refractive index of the glass refracts the radiated light toward the center of the domain; increased out-coupling of light from the resonator due to the presence of the high-index medium, as exploited in prismcoupling of microresonators [4] ; and scattering and reflection of the evanescent field at the water/glass interface. Indeed, this increase in observed local power could explain the 'bright spots' observed experimentally at the points where the microsphere touched the surrounding glass fiber as shown in the Fig. 2(E) . (Fig. 4) for TE (E y ) and TM (E x ) polarised sources (Fig. 6) . Black: free standing resonator. Red: resonator surrounded by glass blocks (Fig. 4) . Note the enhancement of the local radiated power for the TE light appearing to come from the contact points of the resonator and glass regions.
The model was further used to investigate changes in the WGM resonance spectra due to the presence of the glass blocks. Figure 6 shows the spectra of the light pulse collected along the entire flux plane, as per Fig. 4 , in order to approximate the emission that would be collected by the microscope objective used in the experiments above. For both TE and TM polarization, the emission spectrum of the dipole is seen to be periodically modulated by discrete peaks due to the dipole coupling to the supported WGM resonances of the cylinder. The TE polarized dipole emission demonstrates a clear WGM peak enhancement upon addition of the glass blocks by almost a factor of 2. The TM polarization, however, appears almost unaltered by the change. These polarization dependent results are in qualitative agreement with the effects observed in experiment above. Two possible mechanisms for the observed resonance peak intensity enhancement are, firstly, a change in mode out-coupling (analogous to the power distribution change described above) and, secondly, an alteration of the dipole emission due to the change in the local environment. As for the polarization dependence, however, the authors believe its physical origin warrants further investigation as the effect in experiment is pronounced, the numerical simulations are in qualitative agreement, yet neither describe the mechanism itself. Similarly, note that in adding the high index structure about the resonator surface, the simulated TE resonance peaks are red-shifted slightly (Fig. 6) , as would be expected since the increase in surrounding index increases the effective optical path length of the WGMs, although this doesn't appear to be so for the TM polarization.
For free floating spherical resonators, it is reasonable to consider that the WGM spectral peaks are a superposition of resonance spectra from all contributing equatorial planes. Any asphericity will thus present a range of shifted resonances due to the various effective resonator diameters, broadening the peak. Enhancement of the radiation from a specific equatorial plane implies it would dominate the superposition, narrowing the peak. This would be observed as an effectively higher Q factor. As the modeling shows, such a plane of enhanced resonance emission should exist at the points where the sphere touches the glass fibre walls, i.e., the 'bright spots' of Fig. 4 . This is consistent with the experimental observation of the enhanced Q factor of the TE resonances in Sec. 3.2 ( Fig. 3) and Sec. 3.4 (Fig. 7) .
To bring the analysis closer to a quantitative description of the experiment, the model could be extended to include the simulation of a homogeneous emission layer rather than a point dipole source, the influence of higher order modes and the extension to a 3-dimensional domain in order to better describe the local coupling or scattering effects at the discrete contact points between the microsphere and fiber. Fig. 6 . Calculated spectra of the radiated fields from the cylinder described above (Fig. 4) . Grey line: dipole source without cylinder or blocks. Black: cylinder without surrounding blocks. Red: cylinder with surrounding blocks. Cyan: difference of the black and red spectral lines, indicating alteration of the observed spectrum of the radiated light due to the presence of the adjacent high-index structure. Top: E y , y-polarized dipole (TE polarization). Bottom: E x , xpolarized dipole (TM polarization).
Pushing the limit of WGM sensing
While we have observed a significant enhancement of the emitted intensity of specific WGMs for a 15 μm microsphere, we sought to push this concept to its limit by tapering the suspended core fiber to enable a 5 μm microsphere to fit onto one of the tapered fiber's holes. The Fig.  7(A) shows the WGM spectra of dye doped polystyrene microspheres with a nominal diameter of 5 μm, both free floating and positioned into a hole of a tapered suspended core microstuctured optical fiber (Ø hole ~5 μm). Again, an enhancement of the modes can be clearly seen, although it seems that the enhancement factor does not depend on the polarization of the mode as strongly as for larger spheres. Furthermore, the enhancement factor is significantly smaller, by about a factor of 3 for both TE and TM modes, compared to the previous cases. We fitted the resonance modes with Gaussian functions to calculate the Qfactor as shown in the Figs. 7(B) and 7C) for the same sphere free floating and after attachment to the tapered MOF tip respectively. The TE and TM modes of the free floating microsphere exhibit a Q-factor of 230 and 329 respectively, while the same modes for the same microsphere, once attached to the MOF tip, exhibit a Q-factor of 275 and 326. While the Q-factor of the TM mode considered remains constant, the Q -factor of the TE mode increases by 20%, following the trend predicted by the FDTD modeling. Nevertheless, Fig.  7 (A) shows that positioning a sphere onto the tip of suspended core fiber turns an intrinsically poorly performing sphere into a usable sensor. The 20% increase of the effective Q-factor, directly related to the interaction between the resonator and the fiber, translates into higher resolution and therefore a better Detection Limit (DL) in terms of refractive index sensing. We evaluated the impact of the radiation enhancement on the detection limit using the formalism developed by White and Fan [29] , where the Detection Limit (DL) is defined as the ratio between the sensor's Resolution (R) and its sensitivity (S) where R = 3σ, and where R = 3σ, and σ is the average noise contribution from the signal amplitude (σ Ampl ), the spectral position (σ Spectral ) and the thermal noise (σ Therm ) as described in Eq. (1) [29] . 
The noise on the signal amplitude σ Ampl is defined by Eq. (2), the signal to noise ratio is defined by Eq. (3) and Δλ the full width at half maximum of the WGM resonance (Q = Δλ/λ). 
The signal to noise ratio (SNR) is defined in Eq. (3), where the noise amplitude on the resonance peak is defined as the standard deviation of the residual between a Gaussian fitting of the WGM peak and the experimental data and the signal amplitude is simply the signal intensity of the experimental data. In most cases, the SNR is close to 40dB. For a rapid calculation of the other terms of the resolution, we kept the same value of σ Therm used by White and Fan [29] , while σ Spectral was approximated to be limited by the linewidth of the resonance (σ Spectral = λ/100 × Q).
The results reported in the Table 1 show that the increase of radiation efficiency has in impact on both the amplitude noise (σ Ampl ) and the spectral noise (σ Spectral ). For the 15 μm sphere operated below their lasing threshold, the detection limit is improved from ~4 × 10 −4 to ~3 × 10 −4 RIU by simply fitting the hole diameter of the MOF with the resonator diameter. Once operated above their lasing threshold, the same trend can be observed with an improvement detection limit depending on whether the resonator is attached or not to the MOF tip. For the 5 μm polystyrene microsphere, the value of the detection limit is still smaller compared to the 15 μm microsphere despite the two fold increase of refractive index sensitivity. This is mainly due to the intrinsically low Q factor of the smaller resonator which limits somehow the interest of using such a small sphere at this stage;this could be further improved by inducing lasing of this resonator or alternatively changing the material properties to reduce the absorption and scattering which limits the Q factor. Furthermore, the silica MOF used in this work do not present strictly circular hole which imply that a significant part of the sphere is not in contact with the inner surface of the fiber. We anticipate that using a specifically tailored MOF to exploit this phenomena, such as a hollow core fiber would result in an even higher enhancement of the radiation emission of the WGM and overall improved performances.
Conclusion
In conclusion, we have experimentally demonstrated that by positioning a dye-doped microsphere onto a hole at the cleaved tip of a suspended core MOF, it is possible to significantly improve the radiation efficiency of the WGMs by a factor 8 and 9 below and above the lasing threshold, respectively. We investigated the dependence of this enhancement as a function of the diameter mismatch between the MOF hole and the sphere and found that the maximum enhancement is reached when the diameter of the resonator matches the MOF hole diameter where it sits, meaning that half the sphere protrudes into the MOF hole.
Qualitative agreement for the polarization dependent peak enhancement was found between the experimental results and FDTD numerical simulations, in which the system was approximated in 2 dimensions as a cylinder surrounded by glass blocks. Two effects were observed and discussed: an increase of the local power distribution in the observation plane and enhancement of the WGM peak spectral power.
We believe that this enhancement phenomenon will be extremely useful for biosensing applications for three reasons. Firstly, this phenomenon clearly results in both an increase of the signal-to-noise ratio of the radiation modes and the resonator's effective Q-factor. These two combined effects should enable higher resolutions to be reached, therefore improving the detection limit in terms of refractive index sensing. Secondly, we demonstrated that this effect can be exploited to use even smaller microspheres with higher sensitivity although further work is required to take full advantage of the higher refractive index sensitivity and compensate the spoiling of the Q factor.
